High-resolution diffusion-(DWI) and perfusion-weighted (PWI) imaging may provide substantial benefits in accurate delineation of normal, ischemic, and at-risk tissue. We compared the capability of low (400 Â 400 Am 2 ) and high (200 Â 200 Am 2 ) spatial resolution imaging in characterizing the spatiotemporal evolution of the ischemic lesion in a permanent middle artery occlusion (MCAO) model in rats. Serial measurements of cerebral blood flow (CBF) and the apparent diffusion coefficient (ADC) were performed. Lesion volumes were calculated by using viability thresholds or by visual inspection, and correlated with infarct volume defined by TTC staining at 24 h after MCAO. At the very early phase of ischemia, high-resolution resulted in a significantly larger ADC-derived lesion volume and a smaller PWI/ DWI mismatch. At 3 h after MCAO, ADC and CBF lesions showed similar robust correlations with TTC-defined infarct volumes for both groups using previously established thresholds. When lesions were determined visually, low-resolution resulted in a substantial overestimation of TTC-defined infarct volume and a lower inter-observer reliability (r = 0.75), whereas high-resolution produced an excellent correlation with TTC-defined infarct volume and inter-observer reliability (r = 0.96). In conclusion, high-resolution MRI resulted in substantial temporal averaging of the ischemic lesion during the early phase, but was clearly superior in visual determination of final infarct size. Low-resolution reasonably evaluated the temporal and spatial evolution of ischemia when thresholds were used.
Introduction
Diffusion-weighted (DWI) and perfusion-weighted (PWI) magnetic resonance imaging (MRI) are powerful imaging modalities for the early detection of ischemic brain injury in both experimental [3] and human stroke [9] . The region with perfusion abnormality but without diffusion abnormality, commonly referred to as bdiffusion/perfusion mismatchQ, is thought to represent an approximation of the ischemic penumbra [16] .
The spatiotemporal evolution of the ischemic lesion during the acute phase of cerebral ischemia is a highly dynamic process, as the diffusion/perfusion mismatch gradually decreases over time [7] , and thus represents a rapidly moving target. In order to accurately assess pathophysiological dynamics, good temporal resolution, using short image acquisition times, is necessary. However, the need for good temporal resolution in the acute stroke setting limits spatial resolution, resulting in relatively poor spatial discrimination, and may produce misclassification of pixels based on bioenergetic and hemodynamic characteristics, especially in the mismatch region. Minimizing partial volume by improving spatial resolution yields better discrimination of tissue boundaries, resulting in a more precise identification of normal, ischemic core, and bat-riskto-infarctionQ tissue. A clear visual delineation may be of particular importance in human MRI studies where lesion volumes are usually determined by manually tracing the lesion border [4, 13, 14] , rather than applying viability thresholds, and could reduce observer bias in the interpretation of human stroke MRI.
High-resolution MRI, on the other hand, requires longer acquisition time and may result in temporal averaging of the ischemic evolution, resulting in an inadequate reflection of the actual ischemic progression. Thus, acute stroke MRI is a compromise between appropriate temporal and spatial resolution. In experimental stroke, most investigators use a relatively low in-plane resolution of approximately 400 Â 400 Am 2 , with a PWI/DWI acquisition time of a few minutes [3, 6, 8, 10, 11, 17, 21, 22] . It remains unclear whether high-resolution imaging provides substantial benefits in accurate classification of tissue fate and whether the improvements in spatial discrimination justify the poor temporal resolution in the acute phase of ischemia. In the present study, the main goal was to compare the ability of high spatial resolution (200 Â 200 Am 2 ) and the commonly used low-resolution (400 Â 400 Am 2 ) imaging in characterizing the spatial and temporal evolution of ischemia in a permanent occlusion model in rats.
Methods

Animal preparations
Male Sprague-Dawley rats (n = 14, 300-350 g, Taconic Farms, NY, USA) were initially anesthetized with chloral hydrate (400 mg/kg ip). Rectal temperature was kept at 37 F 0.58C throughout the entire experiment using a feedback-controlled heating pad. PE-50 tubing was inserted into the right femoral artery for continuous monitoring of arterial blood pressure and heart rate, and for blood-gas sampling immediately before and 3.5 h after induction of ischemia.
Permanent focal cerebral ischemia was produced by intraluminal suture occlusion of the right middle cerebral artery (MCAO), as previously described [6] . Immediately after occlusion, the animals were positioned in a stereotaxic headholder and quickly placed into the magnet. Once the animal was in the magnet, anesthesia was switched to 1.25% isoflurane delivered in air at 1.5 L/min.
Twenty-four hours after MCAO, the brains were cut into eight 1.5-mm-thick coronal slices corresponding to the MRI slices and stained with 2,3,5-triphenyltatrazolium chloride (TTC). To compensate for the effects of brain edema, corrected infarct volume was calculated as previously described [7] .
MR imaging measurements
Magnetic resonance imaging was performed on a Bruker 4.7 T/40 cm horizontal magnet (Billerica, MA) and a 20 G/ cm magnetic field gradient insert. For optimal comparison of the different spatial resolutions, identical MRI parameters were used except for the matrix size. All images were acquired with a 2.56 Â 2.56 cm 2 field of view and eight 1.5 mm slices.
The average apparent diffusion coefficient (ADC av ) of water was obtained by averaging three ADC maps acquired separately with diffusion-sensitive gradients applied along the x, y, or z direction. High-resolution data were acquired using four-segment, spin-echo, echo-planar images (EPI) with a 128 Â 128 matrix; other parameters were spectral width = 200 kHz, TR = 2 s (908 flip angle), b = 10 and 1269 s/mm 2 , TE = 37.5 ms, D = 17.53 ms, d = 5.6 ms, diffusion gradient amplitude ( G) = 10 and 190 mT/m, and 16 averages (total acquisition time = 8:53 min). Low-resolution data were acquired using identical parameters, except single-shot EPI and a 64 Â 64 matrix (total acquisition time = 2:13 min).
Quantitative cerebral blood flow (CBF) measurements were carried out using the continuous arterial spinlabeling (ASL) technique, as previously described in details [17] . Briefly, paired images were acquired alternately, one with arterial spin-labeling and the other without spin-labeling preparation (control). High-resolution data were acquired using four-segment, gradient-echo EPI with a 128 Â 128 matrix, TR = 2 s, TE = 14.4 ms. 76 pairs of ASL scans were acquired in two separate sets of 38 pairs each, one set obtained before, and the other after the ADC measurements (total acquisition time = 20 min). Low-resolution data were acquired using identical parameters, except single-shot GE EPI with a 64 Â 64 matrix (total acquisition time = 4:93 min).
Experimental protocol
This study consisted of two different groups: (1) lowresolution group (L-R, n = 7), and (2) high-resolution group (H-R, n = 7). The total acquisition time for a complete ADC av and CBF data set was~30 min for highresolution and~7.5 min for low-resolution. The postocclusion time quoted was at the middle of the MRI acquisition at each time point. The first imaging block was started 20 min after MCAO in both groups. In the H-R group, imaging was performed continuously with an ADC/CBF data set acquired 35, 65, 95,125, and 180 min after MCAO. The timetable for the L-R group was chosen in order to achieve the following aims: (1) to compare temporal resolution during the very early phase of ischemia (i.e., up to 80 min post-occlusion), each of the first two high-resolution data sets was covered by two low-resolution blocks (24 and 46 min, and 54 and 76 min after MCAO); (2) to compare high and low-resolution at same time points, the middle of a low-resolution data set matched the middle of a high-resolution scan at 95, 125, and 180 min; (3) the 180-min data set in each group was followed by an additional data set of the opposite resolution at 200 min to compare the two sets in the same animal. ADC-and CBF-defined lesions should not differ much at these time points because ischemia stops evolving after 3 h in this permanent occlusion model [7, 17, 12] .
Data analysis
MRI measurements were analyzed using the imaging processing programs Matlab (math-Works, Natick, MA, USA) and STIMULATE software [20] . Quantitative ADC av maps, in units of square millimeters per second, were calculated using the Stejskal-Tanner equation [19] . CBF maps, in units of milliliters per gram of tissue per minute, were calculated using the water-blood partition coefficient k of 0.9, tissue T1 of 1.5 s, and spin-labeling efficiency a of 0.75 [1, 18] .
2.4.1. Calculation of in vitro lesion size 2.4.1.1. Based on viability thresholds. In the same permanent ischemia model, ADC and CBF viability thresholds have been previously determined by setting the ADC-and CBF-derived lesion volumes at 3 h equal to the infarct volume defined by TTC at 24 h postocclusion [7, 17] . The 3-h time point was chosen because DWI-defined lesion volume was shown to stop growing by 150-180 min after permanent MCAO and highly correlates with the infarct volume determined by postmortem histology [12] . These thresholds, 0.53 Â 10 À3 mm 2 /s for ADC and 0.30 ml/g/min for CBF, were used to identify all pixels with abnormal ADC or CBF characteristics on each of the eight imaged slices at each time point. The ADC-and CBF-derived lesion volumes at 180 and 200 min (opposite resolution to 180 min in the same animal) were correlated with TTC-derived infarct volumes at 24 h.
Based on visual determination.
Abnormal ADC and CBF volumes were determined visually by an investigator blinded to imaging groups (JB). The edge of the lesions at 180 and 200 min post-occlusion was traced manually on each of the eight coronal slices for each animal. The areas of hypointensity were then summed and multiplied by slice thickness. Visually defined lesion volumes were correlated with the TTC-derived infarct volumes. Data were also analyzed by a second observer (JBo) to determine the interobserver reliability.
Statistical analysis
Data are presented as mean F standard deviation. Statistical analysis was performed with repeated-measures ANOVA when testing for differences among different time points in individual groups. A two-tail unpaired t test was used to compare the parametric values. Linear regression analysis was performed to correlate the ADC-and CBFderived lesion volumes with TTC-defined infarct volumes and to compare lesion volumes between observers. A twotail P value of b0.05 was considered to be significant.
Results
Blood gases ( pO 2 , pCO 2 , pH), heart rate, mean arterial blood pressure, and rectal temperature were within normal range throughout and were not statistically different between groups or across different time points (data not shown).
Quantitative ADC and CBF values
In the nonischemic left hemisphere (LH), CBF and ADC values were stable across all time points and were not statistically different between groups. The average CBF and ADC values were 1.18 F 0.18 ml/g/min and 0.75 F 0.03 Â 10 À3 mm 2 /s for the H-R group and 1.23 F 0.25 ml/g/min and 0.75 F 0.02 Â 10 À3 mm 2 /s for the L-R group. In the ischemic right hemisphere (RH), CBF was constantly lower at all time points for both groups compared to the normal LH (H-R: 35 F 2% of LH; L-R: 37 F 2% of LH; P b 0.0001 each). ADC values in the RH gradually decreased over time in both groups. When comparing the first data set (starting at 20 min post-occlusion), mean ADC values were significantly lower in the H-R group (0.61 F 0.02 Â 10 À3 mm 2 /s) compared to those in the L-R group (0.65 F 0.02 Â 10 À3 mm 2 /s; P b 0.05), suggesting a further decrease in ADC during the 30-min acquisition time required for high-resolution imaging. The difference was not significant between the data sets starting at 50 min (0.58 F 0.02 vs. 0.60 F 0.03; P = 0.14) and disappeared entirely at later time points. Fig. 1 shows the temporal evolution of ADC and CBF lesion volumes using previously established thresholds. As expected in a permanent occlusion model, CBF-derived lesion volume remained relatively constant across all time points in both groups ( P N 0.05). The TTC-defined infarct volumes 24 h after occlusion were slightly smaller than the CBF-derived lesion volumes at 180 min for both H-R (270 F 50 vs. 276 F 42 mm 3 ) and L-R (259 F 55 vs. 269 F 37 mm 3 ) group. To minimize inter-group differences, the 180-min data set was followed by an additional data set of the opposite resolution at 200 min post-occlusion in each animal for both groups. There were similar high correlation and correspondence between CBF-derived lesion volumes at 180/200 min and TTC-defined infarct volumes for both high-resolution (correlation coefficient r = 0.94, one-to-onecorrespondence ( y = x) coefficient R = 1.02, P b 0.001) and low-resolution (r = 0.94, R = 1.04, P b 0.001).
Temporal evolution of lesion volumes using viability thresholds
The temporal evolution of the ADC-derived lesion volumes differed significantly between the two groups during the very early phase of ischemia. At the first time point obtained after MCAO, ADC-defined lesion volume was significantly larger in the H-R group (178 F 34 mm 3 ) as compared to that in the L-R group (125 F 40 mm 3 , P b 0.05). This difference was still present when comparing the data sets starting 50 min after occlusion, but was not significant ( P = 0.14). There was no difference in ADC lesion volume between groups at later time points, and at 180 min after MCAO the ADC-derived lesion volumes were essentially identical to the TTC infarct volumes in both groups. When analyzing the ADC-derived lesion volume at 180 and 200 min (opposite resolution in the same animal), the lesion size did not differ significantly and showed an excellent correlation and correspondence with the TTCdefined infarct volume at 24 h for both high-resolution (r = 0.97, R = 0.96, P b 0.001) and low-resolution (r = 0.98, R = 0.98, P b 0.001).
In the L-R group, the diffusion/perfusion mismatch identified as the difference between abnormal diffusion and perfusion volume was significant at 24, 46, and 56 min after MCAO (57%, 34%, and 30% of abnormal perfusion volume, P b 0.01 each), whereas in the H-R group, the diffusion/perfusion mismatch was only significant at 35 min (35% of abnormal perfusion volume, P b 0.001). By 3 h after occlusion, the abnormal diffusion volume was 97% and 96% of the abnormal perfusion volume in the H-R and L-R group, respectively. This overestimation of lesion volume by visual determination was consistently observed in each of the 14 animals in both ADC and CBF images and it was more pronounced in perfusion-weighted imaging.
Visual estimation of lesion volumes at 180 and 210 min
To investigate the inter-observer reliability, all data sets at 180 and 200 min after MCAO were analyzed by a second investigator blinded to the previous results (JBo). Fig. 4 shows the correlation of visually identified ADC (a) and CBF (b) lesion volumes between the two observers. The overall inter-observer reliability was markedly lower when using low-resolution (r = 0.75 vs. r = 0.96 for highresolution) and was more pronounced for CBF imaging (r = 0.67 vs. r = 0.95). Mean ADC and CBF lesion volumes identified with high-resolution were not significantly different between the observers (ADC: 260 F 47 vs. 275 F 59 mm 3 ; CBF: 278 F 46 vs. 292 F 53 mm 3 ). In contrast, using low-resolution, the results between the two observers differed significantly for both ADC (313 F 57 vs. 367 F 68 mm 3 , P b 0.05) and CBF lesion volumes (328 F 53 vs. 380 F 65 mm 3 , P b 0.05). 
Discussion
The major findings in the present study were (1) highresolution imaging resulted in substantial temporal averaging of the ischemic lesion at early time points post-occlusion; (2) when using viability thresholds, low-resolution imaging accurately predicted the final TTC-defined infarct volume and was comparable to high-resolution; (3) when abnormal diffusion and perfusion volumes were evaluated by visual inspection, high-resolution imaging yielded improved accuracy and inter-observer reliability, whereas low-resolution persistently overestimated lesion size and had a poorer interobserver reliability.
The major drawback of high-resolution imaging is the long acquisition time. The acquisition time used in the present study was 30 min, four times longer compared to low-resolution (four-segment vs. single-shot EPI). The long acquisition time resulted in a markedly reduced capability to detect different stages of ischemic lesion evolution during the early phases. As demonstrated by the low-resolution data, the ADC-derived lesion volume increased rapidly and significantly during the 30-min period of high-resolution acquisition, especially during the first 60 min following occlusion. As a consequence of the long acquisition time and temporal averaging of early phase ischemia progression, the identification of the diffusion/perfusion mismatch, the main target of stroke therapy [16] , differed significantly between high and low-resolution imaging. The temporal progression of ischemia, however, represents an important end point in studying the in vivo effects and efficacy of novel therapeutic approaches in experimental stroke. Thus, high-resolution is not recommended for MRI studies focusing on the temporal evolution of ischemia during the very early phase in this stroke model. Ischemia-induced partial volume effects could be more severe at the boundaries between normal and abnormal brain tissue. The stroke model used in the present study produced a large infarction of the entire MCA territory, resulting in a relatively small surface-to-volume ratio. Ischemia-induced partial volume effects may be more evident in small infarcts with larger surface-to-volume ratio such as in lacunar stroke.
Using viability thresholds, the standard deviations for lesion volumes were similar for high and low-resolution imaging, suggesting that the main source of variance is interanimal differences. This inter-animal variance may obscure differences between high and low-resolution imaging.
Another drawback of high-resolution imaging is a reduced signal-to-noise ratio (SNR). Although the number of signal averages at high-resolution was kept the same as low-resolution, semi-quantitative comparison showed that SNR at high-resolution was 2-3 times lower than that at low-resolution, instead of the expected factor of 4 (data not shown). Quantitative analysis of SNR was difficult because a small FOV was used and thus a bnoiseQ region free of ghosting was difficult to identify. The reduced intravoxel dephasing and its effect on signal decays at high-resolution could partially compensate the SNR loss.
Using the previously validated thresholds, low-resolution imaging provided an accurate assessment of final lesion size in this stroke model and was comparable to high-resolution. In experimental stroke, the ischemic lesion is usually determined by using viability thresholds rather than visual inspection [2, 3, 7, 10, 17] . Our findings showed that highresolution imaging did not offer notable advantages over low-resolution imaging in determining the final spatial extent of ischemic lesion when viability thresholds were used. The good correlation between threshold-derived MRI lesion volumes on low-resolution imaging and TTC lesion volumes was expected as the thresholds used were defined by their agreement with the 24-h TTC lesion in a previous study in the same model [7] . Re-evaluating the viability thresholds for high-resolution revealed essentially identical thresholds (data not shown), suggesting that the viability thresholds were essentially independent on the spatial resolution in this stroke model.
Visual determination of ischemic lesion volumes yielded markedly different results between high-and low-resolution imaging. Increasing the number of pixels by a factor of four produced a clearer visual delineation of the boundary between abnormal and normal tissue. Consequently, highresolution lesion volumes showed an excellent correlation and correspondence with the histologically defined infarct volume and between different observers. In contrast, lowresolution resulted in an inadequate assessment of final lesion volume, with a substantial overestimation of eventual infarct size. This effect was found in both the diffusion and perfusion imaging data sets, but was more pronounced for perfusion-weighted imaging, possibly due to a lower SNR and/or large dynamic ranges. Furthermore, the interobserver reliability was reduced with low-resolution imaging, reflecting the individual variability in proper identification of abnormal and normal tissue due to relatively imprecise boundaries. Thus, when using visual determination, high-resolution is recommended for more accurate delineation of final lesion size when ischemic lesion is stable and temporal resolution is less of a factor.
The reason for persistent overestimation of visually defined lesion size in low-resolution imaging is unclear. The ADC or CBF of a single low-resolution pixel could be approximated by a weighted average of the four highresolution pixels. Herein, in the border of normal-abnormal area, the ADC or CBF of a single low-resolution pixel was heavily weighted by the low bischemicQ core ADC or CBF. This may result in a moderately reduced (but above the threshold) ADC or CBF of a single low-resolution pixel. However, the differences in gray intensity were minimal between tissues with severely and moderately reduced ADC or CBF values and it was difficult to distinguish pixels within this small range by visual inspection. Thus, it is likely that pixels with moderately reduced values were included in the visually defined lesion area resulting in a persistent overestimation of the actual lesion size. Another explanation may be the fact that the area with severely reduced CBF destined to infarction is typically surrounded by a small outer rim of tissue experiencing benigne oligemia (above the viability threshold) [5] . Possibly, this area of benigne oligemia was included in the visually defined CBF lesion area as the separation of this tissue from tissue with severely reduced CBF was difficult by simple visual inspection. This may also explain the finding that even high-resolution imaging resulted in a slight but persistent overestimation of visually defined CBF lesion volume, as illustrated in Fig. 3b .
Although differences in the spatiotemporal evolution of stroke lesion between animal models and humans have been reported [6, 15] , the observations in our study may be of potential clinical relevance. In human stroke studies, abnormal diffusion and perfusion regions are identified by visual inspection and outlined manually [4, 13, 14] . Physicians should be aware that a lower spatial resolution may be associated with a substantial overestimation of final infarct size and an increased risk of observer bias in interpretation of stroke MRI, whereas high-resolution produced high accuracy and inter-observer reliability. The long acquisition time for high-resolution, however, resulted in a substantial temporal averaging of lesion volume evolution in the very early phase of experimental ischemia. The issue of temporal averaging is likely to be less evident in human stroke since by the time most patients get MRI the progression of ischemic lesion during a 30-min interval is expected to be small. Still, the use of high-resolution imaging in acute stroke patients is severely constrained by limited imaging time. Further increases in spatial and/or temporal resolution are expected with improvement in MRI technologies, offering the potential for routine high spatiotemporal imaging of acute stroke.
Conclusion
Our results demonstrated that both high and lowresolution imaging have advantages as well as disadvantages in evaluating the acute phase of ischemia, and the use of one over the other depends largely on a study's underlying focus. High-resolution imaging resulted in a substantial temporal averaging of the ischemic lesion during the early phase, but was clearly superior in visual determination of final infarct size. Using viability thresholds, low-resolution imaging was capable of reasonably evaluating the temporal and spatial evolution of ischemia.
